Charge and Lattice Dynamics of Ordered State in Lai/ 2 Cai/ 2 Mn03: Infrared 

Reflection Spectroscopy Study 
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We report an infrared reflection spectroscopy study of La^Cai^MnOs over a broad frequency 
range and temperature interval which covers the transitions from the high temperature param- 
agnetic to ferromagnetic and, upon further cooling, to antiferromagnetic phase. The structural 
phase transition, accompanied by a ferromagnetic ordering at Tc=234 K, leads to enrichment of 
the phonon spectrum. A charge ordered antiferromagnetic insulating ground state develops below 
the Neel transition temperature Tjv = 163 K. This is evidenced by the formation of charge density 
waves and opening of a gap with the magnitude of 2Ao = (320 ±15) cm -1 in the excitation spec- 
trum. Several of the infrared active phonons are found to exhibit anomalous frequency softening. 
The experimental data suggest coexistence of ferromagnetic and antiferromangetic phases at low 
temperatures. 

PACS numbers: 



Manganite perovskites Ri-^A^MnOs (where R is a 
trivalent rare earth and A is a divalent alkaline rare 
earth) exhibit rich phase diagram and a variety of intrigu- 
ing properties due the delicate interplay of spin,cliarge, 
lattice, and orbital degrees of freedom (Ref. Q, H H 
and references cited therein). Well defined anomalies 
of physical properties at commensurate carrier concen- 
trations of x=N/8 (where N=l, 3, 4, 5, and 7) and 
x = L/3 (where L=l,2) were unambiguously estab- 
lished. Of particular interest is the phenomenon of 
charge and orbital ordering, most clearly pronounced for 
^=1/2 0110,11113 

In this communication we report the results of an in- 
frared reflection study of Lai/2Cai/2Mn03 over broad 
frequency range and at temperatures, covering the tran- 
sitions from the high temperature paramagnetic to fer- 
romagnetic and, upon further cooling, to antiferromag- 
netic phase. By making use of Kramers-Kronig analysis 
we obtained the spectral dependence of conductivity. Its 
analysis yields information on the evolution of phonons 
and electronic excitations as a function of temperature. 
We found that additional phonon modes appear in the 
spectra in the ferromagnetic phase, a fact which implies 
the occurrence of a structural phase transition. Upon 
further cooling the conductivity spectrum shows devel- 
opment of a gap, which signals the formation of a charge 
ordered state at low temperatures. At the same time a 
Drude-like component of the conductivity does not van- 
ish completely and suggests the coexistence of a metallic 
and insulating phases. 

The measurements were performed on a dense ceramic 
pellet of Lai/2Cai/2Mn03, mechanically polished to op- 
tical quality. The material preparation technique is de- 
scribed in Ref. 0, 0, . The samples were intensively 
characterized by the X-ray scattering, neutron diffrac- 



tion, magnetization measurements, Raman scattering as 
well as Mossbauer spectroscopy (doped with 1% Sn or 
Fe). These measurements unambiguously identified the 
transition from the paramagnetic to ferromagnetic phase 
at Tc=234 K, and further to antiferromagnetic phase at 
T^=163 K (cooling cycle) or T^=196 K (heating cycle), 



see Fig. 6 in Ref. 

The reflection measurements were performed on a 
Bomem-DA8 Fourier-transform interferometer in the fre- 
quency range 50-8000 cm -1 with the use of a liquid- 
helium-cooled bolometer, HgCdTe, and InSb detectors 
and appropriate beam splitters. Spectral resolution was 
set to 1 cm -1 . A gold mirror was used as a reference. The 
sample was attached to the cold finger of a helium flow 
cryostat and during measurements the temperature was 
stabilized to within 0.2 K. The reflectance spectra R(w) 
were extrapolated in the low frequency range by cither 
Hagen-Rubens relation (1-R) ~ w 1 / 2 or a constant (at 
low temperatures) and R ~ a->~ 4 for high frequencies up 
to 30000 cm -1 . The results of Kramers-Kronig analysis 
of the spectra show that variation of extrapolated reflec- 
tion do not influence conductivity values in the frequency 
range of interest (50-3000 cm -1 ). 

The reflectance spectra of Lai/ 2 Cai/ 2 Mn03 during 
cooling and heating cycles are shown in Fig. 1 for sev- 
eral temperatures between 215 and 110 K. As expected, 
a hysteretic temperature behavior is clearly seen around 
T^r, typical for the first-order transition occurring in the 
CE-type magnetic structure^]- Indeed, upon cooling 
the low- frequency reflectance (below 200 cm -1 ) shows a 
"metal- like" increase toward lower wavenumbers for the 
four upper curves on the left panel of Fig. 1, but be- 
comes less frequency dependent for the two lower curves 
(i.e. below 145 K). Instead, during the heating cycle the 
low-frequency reflectance keeps its behavior from the low 
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temperatures up to 190 K and becomes more "metal- like" 
at higher temperatures only. 

To obtain more specific information on phonons and 
the charge dynamics, we performed Kramers-Kronig 
analysis, which yields the spectral dependence of conduc- 
tivity. Fig. 2 illustrates the data, obtained in the cooling 
cycle. The conductivity spectra below 650 cm -1 are dom- 
inated by phonons, while at higher frequencies the "back- 
ground" conductivity steadily increases toward higher 
wavenumbers with apparent slope becoming larger upon 
lowering temperature. At T=80 K (the lowest panel in 
Fig. 2) the extrapolation of this background to lower fre- 
quencies crosses zero conductivity at positive wavenum- 
bers, i.e. shows zero contribution to the dc conductivity. 
It signals opening of a gap, related to the formation of a 
charge density wave in charge ordered state due to real- 
space ordering of Mn 3+ and Mn 4+ ions[lll4lll3|. 

Theoretical consideration of a charge ordered sys- 
tem yields the following frequency dependence of 
conductivity 01 : 

<7(w) ~ (w - 2A)« (1) 

where 2A is the magnitude of the charge gap and 
a = 1/2. Using this prediction we fitted the con- 
ductivity spectra at frequencies above the highest energy 
phonon (in the range 750 to 2800 cm ~ 1 ) using 2 A and a 
as parameters. For all temperatures the values of a are 
found to be between 0.51 and 0.54, in good agreements 
with the theory. The parameter 2A increases in a linear 
manner from the negative value of —2777 cm^ 1 at room 
temperature to —171 cm -1 at T=170 K and becomes 
positive at 160 K (2 A = 165 cm -1 ), signaling opening of 
a "real" gap. The temperature, at which this gap opens, 
unambiguously identifies it as being due to the formation 
of a charge ordered state in La^Cai^MnOa because the 
antiferromagnetic transition temperature for the sample 
is TJ^=163 K. The gap fully opens below 150 K, where 
it reaches the value of 2A =(320 ± 15) cm" 1 (Fig. 3). 

Earlier experimental study of the charge density waves 
in La!/ 2 Cai/2Mn03 by optical transmission technique 
yielded the gap value of 710 cm -1 Even larger value 
of about 3600 cm -1 was obtained from a reflection studies 
by Kim et al.|l5j|. Unlike present measurements, which 
were performed on a bulk sample, the measurements in 
Ref. [13| we carried out on pressed pellets of finely milled 
Lai/2Cai/2MnC>3, embedded into Csl host matrix. We 
believe that there are at least two factors, which con- 
tributed to an overestimation of 2A in this latter case. 
First, pellets non-uniformity may introduce scattering of 
the transmitted light beam and this way increase ap- 
parent optical density of the sample. Second, the au- 
thors of Ref. [13| performed fitting of the " background" 
in a very narrow frequency interval 710-900 cm -1 , which 
could generate significant error in determining the slope 
and, correspondingly, the value of 2A. As to the results 
of Ref. [l5l | , the measurements were performed in a wide 
frequency range extending up to 30 eV with emphasis on 



the analysis of an intense feature near 1 eV (due to an 
interatomic Mn 3+ — » Mn 4+ transitions [T^'l: the authors 
overlooked evolution of the spectra at lower wavenumbers 
and lower conductivity values. 

Next, we turn to the analysis of phonons, which dom- 
inate conductivity at frequencies below 650 cm -1 . The 
spectra for several temperatures above and below charge 
ordering temperature T C N —163 K are shown in Fig. 4. 
Each spectrum is fitted by a set of Lorentzians, which 
correspond to phonons. The contribution of free car- 
ries is accounted for by an additional oscillator, centered 
at zero frequency. As it is seen, with just 5 phonons 
one can adequately describe the spectrum at 230 K. At 
215 K two new bands, centered at about 505 and 285 
cm -1 , appear. Intensity of these bands gradually in- 
creases upon lowering temperature down to 150 K, and 
then becomes weakly dependent on temperature upon 
further cooling (Fig. 5(a)). These new lines in the spec- 
tra could be a consequence of either the formation of a 
novel orthorhombic phase below Tc=234 K, which has 
the same symmetry (space group Prima), but slightly dif- 
ferent lattice parameters compared to the room tempera- 
ture phase of Lai/ 2 Cai/2MnO3 0, or the appearance of a 
superstructure with doubled a lattice parameter and the 
space group P^i/mQ. The observed intensity increase 
over rather wide temperature interval below Tc indicates 
that the volume fraction of the novel phase increases 
upon sample cooling, in agreement with 7]. Note that ap- 
pearance of vibrational modes with very similar frequen- 
cies was reported in charge ordered (LaPrCa)Mn03 [l7l| . 

The number of phonon lines observed in the infrared 
spectra is small compared to what is predicted by a group 
theoretical analysis |9l Il8j : 25 for the room temperature 
phase of Lai/2Cai/2Mn03 (space group Pnma) and 63 for 
the low-temperature charge ordered phase (space group 
P2i/m). For the parent compound LaMnC>3, as shown 
in the upper panel of Fig. 4, one clearly identifies ma- 
jority of theoretically predicted lines, as also reported 
by Paolone et al.0] and Quijada et al.[2£}. The small 
number of lines observed in Lai/2Cai/2Mn03 is prob- 
ably due to the effect of compositional cation disorder 
(La/Ca), which considerably shorten the phonon lifetime 
and, consequently, broaden phonon peaks. Indeed, the 
typical phonon line width in LaMnC>3 is 10-40 cm -1 at 
room temperature, while it is as high as 60-80 cm -1 in 
La^Ca^MnOs. The effect of phonon line broade ning 
is documented in a study of 8% Ca-doped LaMn0 3 . [Tg 

Another interesting experimental finding is that sev- 
eral phonon lines exhibit pronounced frequency soften- 
ing upon entering the charge ordered insulating antifer- 
romagnetic state (Fig. 5 (c,d)). This could be due to the 
variation of relevant bond distances, documented in the 
neutron diffraction studies 0,0 and/or the effect of mag- 
netic order on corresponding force constants, similar to 
those reported for other magnetic materials |2jJ,|22j. 

It is important to note that the dielectric response of 
La^Ca^MnOa, as obtained from the reflection spec- 
troscopy data, is consistent with the phase separation see- 
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nario for manganese oxides (see review 23] and references 
cites therein). Indeed, even below T N the dielectric func- 
tion is not typical of an insulator, but contains the Drudc- 
like component, a signature for presence in the sample of 
a conducting phase. Fig. 5(b) shows the temperature 
dependence of integrated conductivity in the frequency 
range 50-650 cm -1 after high-frequency "background" 
was subtracted. It contains contribution of phonons and 
low-frequency metallic response. As phonons are only 
weakly change with temperature (see Fig. 4), this depen- 
dence reflects primarily the fraction of conducting (ferro- 
magnetic) phase in the sample: it sharply increases upon 
entering ferromagnetic state below Tc, reaches its max- 
imum around Tat, but does not completely disappear at 
lower temperatures. This finding is in agreement with 
earlier reports on La^Ca^MnOa [Til 124. l25t l26l |27|. 
We have to mention that the presence of a conducting 
phase has only minor effect on the gap magnitude of the 
charge ordered state, as determined above. This is due 
to the fact that the conducting phase affects the dielec- 
tric function at low frequencies (below 300 cm" 1 ), while 
the gap magnitude determination involves analysis of the 
spectra at higher frequencies (above 750 cm" 1 ). The 
different value of the gap compared to that of Ref. 
could, at least in part, be due to different size of charge 
ordered domains in the material. 



In conclusion, the infrared reflection study of 
La 1 / 2 Ca 1 / 2 Mn0 3 revealed the occurrence of a structural 
phase transition at Tc, evidenced by appearance of ad- 
ditional phonon lines. The charge and orbital order- 
ing below the antiferromagnetic transition temperature 
Tat was found to drastically modify the carrier dynam- 
ics as charge density waves develop, leading to the cre- 
ation of a gap in the excitation spectrum with magnitude 
of 2Ao=(320 ± 15) cm" 1 . The experimental data sug- 
gest coexistence of ferromagnetic and antifcrromangetic 
phases at low temperatures. 
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FIG. 1: Reflection spectra of La 1 / 2 Cai/ 2 Mn03 as a function of temperature during cooling (left panel) and heating (right 
panel) cycles. The vertical scale corresponds to the lowest spectrum in each panel, and the other spectra are consequently 
shifted by 0.1 for clarity. Arrows mark the position of phonon modes, which appear in the spectra at low temperatures (see 
the text for details). 



FIG. 2: Temperature dependent conductivity of Lai/ 2 Cai/ 2 Mn03, as obtained form the reflection in a cooling cycle. Points are 
experimental data, dotted lines represent Drude oscillator and high-frequency conductivity component, extrapolated to lower 
energies (see text for details). Solid curves, along with the two mentioned terms, include contribution of optical phonons. Note 
that the extrapolation of high frequency "background" crosses zero line in the two lower panels, indicating the opening of a 
gap. 



FIG. 3: The charge density waves gap magnitude 2A as a function of temperature. Line is a guide to the eye. 



FIG. 4: Experimental conductivity spectra of Lai/ 2 Ca 1 / 2 Mn03 (points) as a function of temperature in a cooling cycle and 
their fit (solid lines) with Lorentzian oscillators, representing phonons and Drude component (dashed lines) . The upper panel 
shows room temperature conductivity spectrum of the parent LaMnO-3 compound, where a large number of relatively narrow 
phonon lines is observed. 



FIG. 5: Temperature dependence of the integrated low-frequency conductivity (b), line intensity (a) and peak position (c,d) 
for several phonon modes of Lai/ 2 Cai/ 2 Mn03. Solid lines in (c) and (d) show the temperature dependent position expected 
for a standard anharmonic phonon decay, while dotted lines in (a,b) are guides to the eye. 
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